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Abstract
Defatted microalgal biomass derived from biorefinery can be potential feed ingredients for
carnivorous fish. The present study investigated the growth, feed intake:gain and health
parameters in Atlantic salmon fed for 84 days with defatted Nannochloropsis oceania as a
fishmeal replacer. Fish fed feeds containing the algal biomass (at 10 and 20% inclusion,
alga groups) were compared with groups that consumed alga-devoid feeds (control group).
The fish that received 20% alga tended to have reduced weight gain and specific growth
rate. Condition factor, feed conversion ratio and feed intake of this fish group were signifi-
cantly different when compared with the control group. Hepatosomatic and viscerosomatic
indices, whole body and fillet proximate composition were not affected by the dietary treat-
ments. Digestibility of dry matter, protein, lipid, ash and energy, as well as retention of lipid
and energy of the fish that received feed with 20% alga meal were also significantly different
from those of the control group. Serum superoxide dismutase activity of the 10% alga-fed
fish was significantly higher compared with the control fish. Although alga feeding did not
cause any distal intestinal inflammation, the intestinal proteins that were altered upon feed-
ing 20% algal meal might be pointing to systemic physiological disturbances. In conclusion,
feeds with 20% alga had a negative effect on feed intake, FCR, lipid and energy retention
and health of the fish. The defatted Nannochloropsis oceania can be used at modest inclu-
sion levels, around 10%, without negative effects on the performance of Atlantic salmon.
Introduction
Marine microalgae are unicellular organisms, and they are rich in high-quality protein, essen-
tial amino acids, polyunsaturated fatty acids, sugars, polysaccharides, vitamins, minerals and
pigments [1]. Certain microalgal varieties are already marketed for human consumption.
However, microalgae biomass is hardly exploited commercially as aquafeed components,
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Researchers are developing strains that contain more lipids, nutrients as well as bioactive com-
pounds [2], and “biocrude” oil, and residual protein-rich fractions are co-products of culti-
vated microalgae [3]. Thus, the biofuel and the defatted biomass that is rich in protein will be
available in large amounts in the near future.
Nannochloropsis is a candidate that is exploited for biofuel production because of their high
lipid content [4]. The lipid content may vary from 1 to 40% of dry matter (DM) in certain
strains, and under special culture conditions the level can go up to 85% [5]. In Nannochlorop-
sis, eicosapentaenoic acid (EPA) is the dominant fatty acid [6], and this characteristic makes
the microalga a potential partial fish oil replacer in fish feeds [7]. Feeding salmon with plant
oils can reduce the levels of EPA and DHA in the fish flesh [8]. Atlantic salmon can endoge-
nously convert long-chain PUFAs from their dietary sources, due to the presence of desaturase
and elongase genes [9–11]. The presence of fatty acyl elongase elovl2 helps the fish to elongate
C20 and C22 fatty acids [11], suggesting the ability of salmon to utilize the PUFAs derived
from microalgal lipids. On the other hand, the protein-rich biomass of Nannochloropsis can be
a potential fishmeal replacer because of its nutrient content. Many research groups have
reported the suitability of defatted microalgae as feed ingredients in the feeds of aquatic ani-
mals. Kiron et al. [12] showed that 10% of fishmeal protein in the feeds for Atlantic salmon
post smolts can be replaced with the protein from defatted Nanofrustulum; without negatively
affecting the growth performance, feed performance and body composition of the fish. Patter-
son and Gatlin III [13] also reported that up to 10% crude protein from fishmeal and soy pro-
tein concentrate in the feeds for red drum could be replaced with lipid-extracted algae meal
(derived from Navicula sp., Chlorella sp. and Nannochloropsis salina); without negatively
affecting the growth, feed utilization, protein and energy retention of the fish.
Although the potential of defatted biomass to support the growth of aquatic animals was
demonstrated in earlier experiments, each alga strain needs to be tested on each target species.
The results from our earlier experiments on Atlantic salmon have indicated that the digestibili-
ties of protein from Desmodesmus and Nannochloropsis were not different [14, 15]. However,
experiments on a mammalian carnivore model, mink, have pointed out that the digestibility of
protein from different microalgae vary widely [16]. Digestibility coefficient estimation is how-
ever only the first step to evaluate the bioavailability of nutrients for growth and therefore, the
observations need to be verified through long-term feeding experiments [17]. It is also impor-
tant to assess the effects of the tested feed ingredients on the health of the animals.
In the present study, the effect of the replacement of fishmeal with Nannochloropsis oceania
(N. oceania) biomass in the feeds of Atlantic salmon was evaluated on the growth performance,
feed utilization and intestinal health of the fish. An 84-day feeding trial was conducted to
examine the growth and feed performance, antioxidant status, expression of genes and pro-
teins, and micromorphology of the distal intestine of Atlantic salmon.
Materials and methods
Experimental design and feeds
The study, approved by the National Animal Research Authority (FDU: Forsøksdyrutvalget
ID—5887) in Norway, consisted of three groups: a control group (1C- offered control feed),
and 2 algal groups [offered feed with 10% (1L) and 20% (1H) alga meal]. The algal meal is the
biomass from N. oceania, a product obtained after biofuel extraction (Cellana, San Diego,
USA). Chemical composition of the algae biomass is presented in S1 Table. The content of ele-
ments, amino acids, fatty acid composition, neutral detergent fiber (NDF) and acid detergent
fiber (ADF) was reported by Gatrell et al. [18].
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superoxide dismutase1; TAC, total antioxidant
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tgfb, transforming growth factor beta; Tpi,
Triosephosphate isomerase; VSI, viscerosomatic
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Ingredients and chemical composition of the feeds are presented in Table 1. The control
feed was based on fishmeal while algal biomass replaced 100 and 200 g fishmeal. All other
ingredients except fish oil were kept constant. Fish oil was reduced in the 1H feed to keep a
constant crude protein:energy ratio. The extruded experimental feeds were produced by the
Feed Technology Center (ForTek), Norwegian University of Life Sciences (NMBU), Ås, Nor-
way. The extrusion equipment used for producing the feeds has been described earlier by
Sørensen et al. [19, 20]. The feed ingredients were first mixed in a portable mixer (40L, Ide-
Con AS, Norway), and then fed to the extruder using a Coperion Key-Tron feeder (Type T32,
Coperion K-Tron International, New Jersey, USA). This feeder was calibrated to directly
deliver the mixture, at an input rate of 54–55 kg mash/h, into the extruder barrel. The screw
configuration was optimised to improve the mixing efficiency and feed quality, and for effi-
cient utilisation of mechanical energy even at a lower feeding rate. Conditioning was initiated
in the second section of the extruder barrel by adding both steam and water. The temperature
profile for conditioning the two algal feeds in the five section extruder barrel was 39–40, 90–
91, 121–123, 106–107, 66–67˚C, respectively. The control feed was produced at slightly higher
temperature ranges: 37–38, 99–105, 127–127, 109–113 and 82–91˚C. The conditioned material
was passed through four 2 mm dies, resulting in pellets with 2.0–2.1 mm diameter and 3.8–4.2
mm length. The operating pressures used for making the 1C, 1L and 1H feeds were 21, 25
and 31 bar, respectively, and torque fluctuated between 334–351, 315–366 and 342–381 Nm,
respectively. Pellets were collected and conveyed pneumatically to an NMBU-FORBERG fluid-
ized bed dryer (Forberg, Oslo, Norway) and dried to the final DM content of 936–942 g kg
DM-1 (Table 1) in small experimental batch dryers (10 kW heater, 2550 m3h-1 fan capacity,
keeping the product temperature < 55˚C). The feeds were shipped to Nord University where
they were stored in airtight containers at 4˚C, until they were distributed to the feeders.
Table 1. Ingredients and proximate composition of the control and the microalga-containing feeds.
Ingredients (g/1000 g) Experimental feeds
1C 1L 1H
Fish meal1 690 590 495
Algal meal2 0 100 200
Wheat3 120 120 120
Wheat gluten4 50 50 50
Fish oil1 135 135 130
Microingredients5 5 5 5
Marker6 0.1 0.1 0.1
Proximate composition (g/1000 g)
Dry matter 942.4 942.4 935.6
In dry matter:
Crude protein 564.0 535.3 501.2
Crude lipid 211.0 205.9 199.9
Ash 114.2 123.4 132.5
Energy (MJ/1000 g) 23.6 23.6 23.1
1 Nordsildmel AS, Bergen, Norway
2 Cellana LLC, Kona, Hawaii, USA
3 Felleskjøpet AS, Moss, Norway
4 Gluten Vital, Alimenta AS, Oslo, Norway
5 Vitamin and mineral mix is a proprietary formulation of Europharma, Leknes, Norway.
6 Yttrium, Metal Rare Earth Limited, Shenzhen, China
https://doi.org/10.1371/journal.pone.0179907.t001
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Fish rearing facility, fish husbandry and feeding
The feeding experiment was carried out in a flow-through system at the Research Station,
Nord University, Bodø, Norway. The circular fibreglass rearing tanks (800 l and 0.9 m deep)
were custom made (A-plast, Skodje, Norway); they are slightly conical with top and bottom
diameters of approximately 1 m and 0.9 m, respectively. The cone-shaped bottom with
approximately 22 degrees slope ensures the efficient collection of faeces and left-over feeds.
The tank design is provided in S1 Fig. Every automatic feeder (ArvoTec T-drum 2000 feeder)
of the rearing system is equipped with a 1 g dosing drum, control cabinets and software (Arvo-
Tec, Huutokoski, Finland). The left-over feeds were collected from the water drains in a 17 l
tank-mounted solid waste collector (Aquatic Eco-Trap, Pentair Aquatic Eco-Systems1, Fl,
USA).
Atlantic salmon (Salmo salar) post-smolts (Aquagen strain, Aquagen AS, Trondheim, Nor-
way) were purchased from a commercial producer (Cermaq Norway AS, Hopen, Norway) and
maintained at the research station on a commercial feed until they were used for the feeding
trials.
The fish used for the experiment were of mean initial weight 215.4 ± 27.1 g. Fish in 6 repli-
cate tanks (15 fish/tank; mean biomass 3232 g/tank) were allocated to one feed group. Seawater
(33 g l-1 salinity) that was used for rearing the fish was pumped from 250 m depth in Saltenfjor-
den, filtered and aerated. The rearing water temperature, ranged from 6.7 to 7.1˚C and the
feeding period was 594.8 degree days. Oxygen saturation in the tanks, as measured at the out-
let, was kept above 90%. A 24-h lighting regime was maintained in the rearing facility.
The experimental feeds were fed to fish during the experimental period of 84 days. The
feeding procedure aimed at maximum voluntary feed intake by all groups of fish. Fish were fed
two meals per day; first meal from 08.00–09.00 and second meal from 14.00–15.00. The left-
over feeds were collected immediately after the two feeding sessions.
Fish sampling
Fish handling and sampling procedures were in accordance with the protocols approved by
the FDU. Before weighing and sampling, the fish were anaesthetised with MS-222 (Tricaine
methane sulphonate; Argent Chemical Laboratories, Redmond, USA; 80 mg/l). The fish for
sample collection at the start and at termination of the experiment were euthanized by a sharp
blow to the head. Fish that were not removed for sampling at termination of the experiment
were returned to the fish holding facility, to be used for other purposes, thereby adhering to
the principle of reducing the number of fish sacrificed for the study.
Individual weight and length were taken at the start and end of the experiment. Initial sam-
ples for whole body and fillet chemical composition were obtained from 6 and 12 fish, respec-
tively. For the end-of-the-study sampling, blood was drawn from the caudal vein of 3 fish/tank
to assess the haematocrit values and to collect serum for enzyme assays. Thereafter, these fish
were dissected and the visceral organs (without heart and kidney) and the liver were removed
for calculating the viscerosomatic and hepatosomatic indices. The fillet of these 3 fish were col-
lected, sealed in plastic bags and kept frozen at -40˚C until they were used for analysing the fil-
let proximate composition (FPC). Distal intestinal samples intended for molecular studies
were snap frozen in liquid nitrogen and transferred to a -80˚C freezer. Histology samples of
the distal intestine were rinsed with PBS and fixed in phosphate-buffered formaldehyde solu-
tion. Whole body of 6 fish from each tank were collected (after the term for faeces collection),
sealed in plastic bags and frozen at -40˚C to determine the whole body proximate composition
(WBC).
Nannochloropsis oceania in salmon feeds
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Faecal samples were collected after the feeding trial, from the remaining 12 fish/tank. For
determining the digestibility of the feeds, the fish were stripped two times (one week time
interval between strippings), employing the procedure described by Austreng [21]. The sam-
ples from fish in one tank were pooled and kept frozen.
Chemical analysis
The WBC of the initial samples were analysed individually (n = 6 fish), while those of the final
samples were analysed after pooling the 6 fish from one tank (obtained at the end of the experi-
ment). For the analysis of FPC of the initial samples, fillets from 2 fish (4 fillets) were pooled
(n = 6). The FPC of the final samples were determined after pooling 6 fillets that were obtained
from 3 fish from a tank (described previously).
Fish whole body and fillet samples were thawed and homogenized prior to chemical analy-
sis (dry matter, ash, nitrogen, crude lipid) and energy determination. Faecal samples were
freeze-dried prior to chemical analysis (dry matter, ash, nitrogen, crude lipid and yttrium) and
energy determination. Faecal matter of fish from two tanks of the same group were pooled to
secure enough material for the analysis.
Dry matter was determined by oven drying (105˚C for 20 h) to constant weight (ISO
6496–1999), crude protein by Kjeldahl method (N × 6.25; Kjeldahl Auto System, Tecator Sys-
tems, Ho¨gana¨s, Sweden; ISO 5983–1987), crude lipid by Soxhlet method with acid hydrolysis
(Soxtec HT6, Tecator, Ho¨gana¨s, Sweden; AOAC Method 954.02), ash by incineration in a
muffle furnace at 540˚C for 16 h (ISO 5984–2002), and energy by bomb calorimetry (IKA
C200 bomb calorimeter, Staufen, Germany; ISO 9831–1998), yttrium by inductive coupled
plasma mass spectroscopy (ICP-MS; performed at Eurofins, Moss, Norway; NS-EN ISO
11885). The proximate composition, energy and yttrium content of the samples were mea-
sured in duplicates.
Antioxidant markers
The antioxidant status of the fish was evaluated by performing different assays, employing the
serum aliquots. The total antioxidant capacity (TAC), catalase (CAT) activity and super oxide
dismutase (SOD) activity were determined using kits from Cell Biolabs (STA-360, Cell Biolabs
Inc., San Diego, CA, USA), Cayman Chemicals (707002, Cayman Chemicals, Ann Arbor, MI,
USA), and Cell Biolabs (STA-340, Cell Biolabs Inc.), respectively. The protocols are described
in our previous paper [22].
Gene expression
The mRNA levels of antioxidant-related (superoxide dismutase1—sod1; nuclear factor erythroid
2-related factor—nrf2), gut mucosa-related (immunoglobulin T—igt), inflammation-related
(interleukin 1b—il1b; interleukin 10—il10; interleukin 17d—il17d; transforming growth factor
beta—tgfb), antimicrobial (cathelicidin 1 and 2—cath1, cath2) genes were assessed in this
study.
The total RNA from the frozen tissues were extracted using E-Z 96 Total RNA Kit
(OMEGA Bio-Tek Inc, USA) following the instructions from the manufacturer. To quantify
the mRNA level of a particular gene, samples from 12 fish/group (2 from each tank) were con-
sidered. The list of primers of the genes [22–24] and the detailed protocol for the analysis [22]
are described in our previous publications. List of primers of the differentially expressed and
reference genes are presented in Table 2.
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PLOS ONE | https://doi.org/10.1371/journal.pone.0179907 July 13, 2017 5 / 20
Protein expression
The distal intestinal proteomes of the three groups (n = 6/group) of fish were analysed em-
ploying two-dimensional electrophoresis and liquid chromatography and tandem mass spec-
trometry (LC-MS/MS). The protein extraction and the 2-DE were carried out as described
previously [24]. The LC-MS/MS work was undertaken at the Tromsø University Proteomics
Platform, Tromsø, Norway. Gel analysis and protein identification were performed as detailed
in our previous paper [22].
Distal intestinal morphology
Approximately 5 μm sections were prepared from the distal intestinal samples of 6 fish per
group. The sections were stained with Alician Blue-Periodic Acid Shiff’s reagent and the pho-
tomicrographs were prepared as described in our previous papers [22, 24].
Calculations and statistical analysis
The apparent digestibility coefficients (ADCs) of DM, protein, lipid, ash and energy were cal-
culated using the following equation [25]:
ADCnutrient or energy ¼ 1  
Markerfeed  Nutrientfaeces
Markerfaeces  Nutrientfeed
 !" #
 100 ð1Þ
ADCdry matter ¼ 1  
Markerfeed
Markerfaeces
 !" #
 100 ð2Þ
where Markerfeed and Markerfaeces are the contents of the marker (% dry matter) in the feed
and faeces, respectively, and Nutrientfeed and Nutrientfaeces are the nutrient contents (% dry
matter) in the feed and faeces.
Table 2. List of primers for the differentially expressed genes and the reference genes.
Gene name Sequence(5’-3’) Amplicon size
(bp)
PCR efficiency
(%)
GenBank accession
numbers
Target genes
sod1 CCACGTCCATGCCTTTGGR-F 141 95.3 AY736282.1
TCAGCTGCTGCAGTCACGTT-R
il17d CTTGTCTCCCTGGGCATACAG-F 201 112.7 EU689087.1
CAATATGCCTCGGGTATGAACCT-R
igt CAACACTGACTGGAACAACAAGGT-F 97 107.7 GQ907004
CGTCAGCGGTTCTGTTTTGGA-R
Reference
genes
ef1ab TGCCCCTCCAGGATGTCTAC-F 59 96 BG933853
CACGGCCCACAGGTACTG-R
rpl13 CGCTCCAAGCTCATCCTCTTCCC-F 79 96.4 BT048949.1
CCATCTTGAGTTCCTCCTCAGTGC-R
rps29 GGGTCATCAGCAGCTCTATTGG-F 167 94.5 BT043522.1
AGTCCAGCTTAACAAAGCCGATG-R
ubi AGCTGGCCCAGAAGTACAACTGTG-F
CCACAAAAAGCACCAAGCCAAC-R
162 92.7 AB036060.1
https://doi.org/10.1371/journal.pone.0179907.t002
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Specific growth rate (SGR) and thermal unit growth coefficient (TGC) were calculated
based on mean weights, employing the equations:
SGR ¼ ½
ðln W1   lnW0Þ
t
  100 ð3Þ
TGC ¼
ðW11=3   W01=3Þ  1000
do
ð4Þ
W0 is the initial weight, W1 is the final weight, and t is the time (days), and d
o is the total num-
ber of degree days.
The organosomatic indices namely, hepatosomatic index (HSI), viscerosomatic index (VSI)
and condition factor (CF) were calculated using the formulae:
HSI ¼
Liver weight ðgÞ
Final body weight ðgÞ
 
 100 ð5Þ
VSI ¼
Viscera weight ðgÞ
Final body weight ðgÞ
 
 100 ð6Þ
CF ¼
Body weight ðgÞ
Fish fork length3ðcmÞ
 1000 ð7Þ
Feed conversion rate, FCR, was calculated using the formula:
FCR ¼
Dry matter feed intakeðgÞ
Weight gainðgÞ
ð8Þ
Retentions (Ret) of nitrogen (or energy) were calculated for each tank employing the fol-
lowing formula:
Ret ¼
½ðFB Nf Þ   ðIB NiÞ
ðDM Feed intake N feedÞ
 
 100 ð9Þ
where IB and FB are the initial and final biomass and N is the concentration of the nitrogen
(or energy) in fish (subscripts i and f represent initial and final samples, respectively) or feed.
Statistical analyses were carried out using Graphpad Prism 6 (Graphpad Software Inc., La
Jolla, CA, USA). Normality and equal variance of the data were tested before performing one-
way ANOVA. Tukey’s multiple comparisons test was employed to detect the significant differ-
ences between the means of interest. Kruskal-Wallis test followed by Dunn’s multiple compari-
sons test was employed in the case of non-parametric data, to understand the differences
between the study groups. The differences between groups were considered significant at
P< 0.05, and differences at 0.10> P> 0.05 suggests a trend.
Results
Growth and feed performance
The fish had good health and growth during the experimental period; mortality was not
recorded and the final weights of fish in the 3 groups were approximately twice that of their
initial weights. Weight gain (P = 0.09) and SGR (P = 0.09) tended to differ among the feeding
groups (Table 3). The fish fed the 20% alga-feed tended to have lower weights and SGR com-
pared to that of the control fish. The FI of the 1H group was significantly higher compared to
Nannochloropsis oceania in salmon feeds
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that of the 1C group, and the FCR of the 1H group was significantly higher than those of the
1L and 1C groups. The TGC and PER of the alga-fed fish were lower (P>0.05) than the values
of the 1C group.
Organosomatic indices and hematocrit values
The CF of the study groups ranged between 2.16 and 2.34 (Table 4). Fish of the 1H group had
significantly lower CF compared to that of the 1C group. HSI and VSI of the 1L and 1H groups
were similar to those of the control group (Table 4). The hematocrit values were significantly
different among the three study groups (Table 4). The values of the 1H and 1C differed signifi-
cantly from each other, while 1L ranked in between.
Chemical composition
The proximate composition of whole body and fillet is presented in Table 5. Moisture, protein,
lipid and ash contents of the whole body and fillet of the fish from the 3 groups did not vary
significantly. However, the lipid content in the whole body of the 3 groups at the end of the
feeding trial was lower than that of the initial fish. The lipid content in the fillet was lower com-
pared to that in the whole body.
Protein, lipid and energy retention
Protein, lipid and energy retention in Atlantic salmon from the three study groups are pre-
sented in Table 6. Protein retention of the three groups were not significantly different. Lipid
and energy retention values of the 1H group were significantly lower compared to the respec-
tive values of the 1C group.
Table 3. Survival, growth and feed utilization of Atlantic salmon fed the control or microalga feeds for 84 days.
1C 1L 1H ANOVA P-value
Survival (%) 100 100 100
Initial weight (g) 214.5 ± 3.1 213.8 ± 2.7 218.0 ± 2.8 0.76
Final weight (g) 429.0 ± 12.2 420.2 ± 13.3 407.8 ± 12.1 0.50
Weight gain (%) 100.2 ± 5.1 96.3 ± 3.4 86.9 ± 3.2 0.09
SGR (% day-1) 0.82 ± 0.03 0.80 ± 0.02 0.74 ± 0.02 0.09
TGC 2.61 ± 0.10 2.54 ± 0.08 2.35 ± 0.08 0.12
FI (% BW day-1) 0.68 ± 0.01b 0.70 ± 0.01ab 0.75 ± 0.02a 0.01
FCR 0.81 ± 0.02bc 0.86 ± 0.02b 1.00 ± 0.06a 0.01
PER 2.20 ± 0.06 2.18 ± 0.06 2.03 ± 0.10 0.24
Specific growth rate–SGR. Thermal growth coefficient–TGC. Feed intake–FI. Feed conversion ratio–FCR. Protein efficiency ratio–PER. Different
superscripts (a, b, c) in a row indicate statistically significant differences (P < 0.05) among groups. n = 6 tanks, values from 15 fish/tank, mean ± SEM
https://doi.org/10.1371/journal.pone.0179907.t003
Table 4. Organosomatic indices and hematocrit values of Atlantic salmon fed the control or microalga feeds for 84 days.
1C 1L 1H ANOVA P-value
Condition factor 2.34 ± 0.04a 2.29 ± 0.04ab 2.16 ± 0.04b 0.023
Hepatosomatic index 1.27 ± 0.02 1.24 ± 0.01 1.24 ± 0.03 0.563
Viscerosomatic index 8.13 ± 0.09 8.28 ± 0.12 8.33 ± 0.15 0.511
Hematocrit 47 ± 1b 50 ± 2ab 54 ± 2a 0.049
Different superscripts (a, b) in a row indicate statistically significant differences (P < 0.05) among groups. n = 6 tanks, values from 6 fish/tank, mean ± SEM)
https://doi.org/10.1371/journal.pone.0179907.t004
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Digestibility
The ADCs of protein, ash and energy in the three feeds were significantly different (Table 7).
The ADC’s of DM and lipid in the alga feeds were significantly different from those of the 1C
group.
Antioxidant status
The antioxidant markers such as the TAC and CAT activities in the serum of the 1C, 1L and
1H groups were similar (Fig 1). However, the serum SOD activity of the 1L group was signifi-
cantly higher than that of the 1C group.
Intestinal health status
Gene expression: The mRNA level of il17dwas apparently higher (P<0.1) in the 1L group
compared to the level in the control group (Fig 2). In addition, sod was apparently higher
(P<0.1) in the 1L group compared to the expression in the 1H group. On the other hand, the
mRNA levels of igt were similar in the study groups. The mRNA levels of il1b, il10, tgfb,nrf2,
cath1 and cath2 were below the detection range.
Protein expression: Comparison of the distal intestinal proteome of the fish from the differ-
ent groups revealed that the expression of 7 proteins were altered by the algal feeding—Delta-
1-pyrroline-5-carboxylate dehydrogenase, mitochondrial-like (P5cdh), Dihydrolipoyl dehy-
drogenase, mitochondrial-like (Dld), Leukocyte elastase inhibitor-like (Lei), Creatine kinase
B-type isoform X2 (Crt), Elongation factor 2 (Ef2), Triosephosphate isomerase (Tpi), Flavin
reductase (Flr) (Fig 3, S2 Fig, Table 8). On the other hand, the proteins Alpha-2-HS-glycopro-
tein-like (Ahsg) and Apolipoprotein precursor (Apoa1-1) were significantly underexpressed,
Table 5. Proximate composition (g/100 g dry matter) of Atlantic salmon fed control or microalgae feeds for 84 days.
Initial Final
1C 1L 1H
Whole body
Moisture 69.2 ± 0.2 68.7 ± 0.2 68.5 ± 0.2 69.2 ± 0.3
Protein 54.7 ± 0.4 55.5 ± 0.5 55.6 ± 0.6 56.3 ± 0.6
Lipid 37.3 ± 0.4 36.4 ± 0.2 36.3 ± 0.5 35.8 ± 0.5
Ash 6.7 ± 0.2 6.0 ± 0.1 6.3 ± 0.2 6.4 ± 0.1
Fillet
Moisture 74.3 ± 0.2 74.4 ± 0.2 74.2 ± 0.1 74.2 ± 0.1
Protein 77.6 ± 0.3 78.8 ± 0.4 79.0 ± 1.0 80.6 ± 0.7
Lipid 18.2 ± 0.4 14.5 ± 0.7 14.8 ± 1.0 14.9 ± 0.4
Ash 5.6 ± 0.1 5.5 ± 0.2 6.1 ± 0.3 5.5 ± 0.1
n = 6 tanks, proximate composition values from pooled samples from 3 fish (for fillet) and 6 fish (for whole body); mean ± SEM
https://doi.org/10.1371/journal.pone.0179907.t005
Table 6. Retention of protein, lipid and energy of Atlantic salmon fed control or microalga feeds for 84 days.
1C 1L 1H ANOVA P-value
Protein 39.5 ± 1.4 39.8 ± 0.7 36.2 ± 1.9 0.19
Lipid 66.7 ± 2.1a 64.6 ± 4.0ab 53.4 ± 3.9b 0.04
Energy 46.0 ± 1.4a 43.6 ± 1.8ab 36.7 ± 2.4b 0.01
Values are given as mean ± SEM; n = 6 replicate tanks. Different superscripts (a, b) in a row indicate statistically significant differences (P < 0.05) among
groups.
https://doi.org/10.1371/journal.pone.0179907.t006
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0.5 fold and 0.7-fold respectively, in the 1H group when compared with their expression in the
1L group. Flr was significantly overexpressed (1.7-fold) and Ckt was underexpressed (0.6-fold)
in the 1L group when compared to its expression in the other study groups. Tpi was overex-
pressed (1.8-fold) in the 1L group compared to the expression in the 1C group. Dld (2.5-,
2.8-fold) P5cdh (2.5-, 2.8-fold) were overexpressed in the 1H group compared to the 1C and
1L groups. Ef2 (0.6-fold) and Pfn2 (0.6-fold) were underexpressed in the 1H group compared
to the other study groups. Lei (0.5-fold) protein was underexpressed in the 1H group com-
pared to the expression in the 1C group.
Distal intestinal micromorphology: Feeding the microalga-feeds did not alter the architec-
ture of the distal intestine (Fig 4). Furthermore, there were no signs of inflammation in the
intestine.
Discussion
In the present study, the potential of defatted biomass of the microalga N. oceania to be an
ingredient in the feeds for Atlantic salmon was assessed based on the growth, nutrient digest-
ibility, feed utilization and health parameters.
Growth and feed performance
The performance of the fish was good throughout the experimental period and SGR was
higher than expected, based on growth tables that consider both fish size and water tempera-
ture [21]. The SGR values obtained in the present study were slightly lower than those reported
earlier [22, 26]. The TGC values in the present experiment were higher than those obtained by
Sørensen et al. [15], but were in the same range as reported by Hatlen et al. [26]. Feed conver-
sion rate was in line with studies performed on yeast- or microalga-fed Atlantic salmon of
Table 7. Apparent digestibility coefficients (%) of dry matter, protein, ash and energy in the control and microalga feeds.
1C 1L 1H P-value
Dry matter 76.0 ± 0.3a 71.6 ± 0.4b 70.7 ± 0.4b <0.01
Protein 87.9 ± 0.1a 85.0 ± 0.4b 83.4 ± 0.2c <0.01
Lipid 92.6 ± 0.3a 88.6 ± 0.6b 87.8 ± 0.3b <0.01
Ash 15.5 ± 1.1a 20.8 ± 1.7b 30.6 ± 1.2c <0.01
Energy 85.9 ± 0.3a 81.5 ± 0.5b 79.2 ± 0.3c <0.01
Values are given as mean ± SEM; n = 3, faeces were pooled per tank. Different superscripts (a, b, c) in a row indicate statistically significant differences
(P < 0.01) among groups.
https://doi.org/10.1371/journal.pone.0179907.t007
Fig 1. Serum antioxidant capacity of 1C, 1L and 1H groups. Values are expressed as mean ±SEM, n = 6 tanks.Different letters indicate significant
differences (P<0.05) between the study groups.
https://doi.org/10.1371/journal.pone.0179907.g001
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sizes comparable to that used in the present study [26, 27]. The dry matter intake (for each kg
wet weight gain) of fish fed the highest inclusion level of defatted N. oceania was almost 24%
greater than that of the control group. Higher feed intake and reduced feed conversion was
also reported in other studies investigating microalgae in feeds for Atlantic salmon [28] and
European sea bass [29]. The higher feed intake of the 1H group may be a compensation for the
slightly lower lipid and energy content in the feeds with 20% alga meal inclusion. The experi-
mental feeds were designed to keep a constant crude protein / energy ratio among the feeds.
However, the calculated digestible protein (DP) / digestible energy (DE) values were 25, 24
and 23 for the 1C, 1L and 1H, respectively. These values were within the range 20–24 g DP /
DE, which is suggested as optimal for young Atlantic salmon [30]. Increased feed intake to
compensate for the low energy content in the feed is a strategy adopted by fish to secure
Fig 2. Relative mRNA levels of sod, il17d, igt in the distal intestine of 1C, 1L and 1H groups. The distal intestinal gene expression of the three
groups (n = 12 fish) at the end of the 84-days feeding period. Values are presented as mean ± SEM, n = 6 tanks, 2 fish/tank.
https://doi.org/10.1371/journal.pone.0179907.g002
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growth [31, 32]. The increased feed intake, noted in our study for Atlantic salmon that received
20% N. oceania, indicates the palatability of the ingredient. In contrast, other researchers have
reported that microalgae may have negative effects on feed intake in fish. Atlantic cod juveniles
offered feeds containing 140g/kg mixed biomass of microalgae dominated by Isochrysis sp.,
had reduced feed intake and growth [33]. We cannot make direct comparisons between varie-
ties of algae or even production batches of one particular algae as their biochemical profiles
largely depend on the nutrient availability and growing conditions [6].
Digestibility of protein in the fishmeal-based reference feed is in line with other studies [26,
27, 34–37]. However, the overall reduction in digestibility of protein, lipids and energy in the
Fig 3. Representative 2-DE gels showing the spots of proteins from the distal intestine of Atlantic salmon. The spots 1–9 corresponds to Ahsg,
P5cdh, Dld, Lei, Crt, Ef2, Apoa1-1, Tpi, and Flr, respectively (see Table 8). n = 6 fish/group.
https://doi.org/10.1371/journal.pone.0179907.g003
Table 8. Differentially expressed distal intestinal proteins of Atlantic salmon fed microalga feeds for 84 days.
Spot
no.
Protein name Apparent pI/
MW (kDa)
Peptide sequenceda
1 Alpha-2-HS-glycoprotein-like, Ahsg 3.0/88.5 YALNQIDDIK VVTAVEGDCDVVLR ESLFAIMEVGR
2 ➔ Delta-1-pyrroline-5-carboxylate
dehydrogenase, mitochondrial-like,
P5cdh
7.9/88.6 NEPILGFNEGSPERAADIISGPKTVVQAEIDAAAELIDFFR
HAVELESQQPLDSDGSTNTMLYRQVAQNLDVYK SADVQSVVTGTIR
STGSIVAQQPFGGAR
3 ➔ Dihydrolipoyl dehydrogenase,
mitochondrial-like, Dld
8.16/87.8 NQVTATAEDGSMQVINSK RPDGQIDVAVEAAAGGK NLGLDTVGLELDNR
VPSIYAIGDVIAGPMLAHK FPFAANSR
4
➔
Leukocyte elastase inhibitor-like, Lei 6.0/68.8 TGNVFYSPLSISSALAMVSLGARATDNVHVGFNK GAPYALSLANR
LYGEQSYQFVETFLGDTK KHYNAELEAVDFK HYNAELEAVDFK NLLAEGVVDHLTR
LVLVNAIYFK FKESSTSDALFK ESSTSDALFK NLVEWTRPDMMDTVEVQVGLPK
FKLEESLDLK SDFSGMSPNNDLVLSKAFVEVNEEGTEAAGATAAIMMMR
5
➔ Creatine kinase B-type isoform X2, Crt 6.7/60.7 ILTPAIYER ELLDPIIEDR MSVEALDSLSGDLK GTGGVDTAAVGGTFDISNADR
LGFSEVELVQMVVDGVK GQSIDDLMPAQK
6
➔
Elongation factor 2, Ef2 6.6/40.3 AKPFPDGLAEDIEKEGVLCEENMR TAIVVAETR
7 Apolipoprotein A-I-1 precursor, Apoa1-1 5.6/29.1 AALNMYIAQVK SIDLLDDTEYK SIDLLDDTEYKEYK SLAPYTTVFGTQLADATATVR
AKIEPVVEEMR IEPVVEEMR VAVNVEETK LMPIVEIVR LMPIVEIVR
TLAAPYAEEYKEQMFK
8 ➔ Triosephosphate isomerase, Tpi 7.6/28.8 IGVAAQNCYK GGAFTGEISPAMIK VVLAYEPVWAIGTGKANVSEAVANSVR
DVDGFLVGGAALKPEFVDIINAK
9 ➔ Flavin reductase, Flr 8.1/29.2 TMQGQDAVIIILGTRLLPVTEDHDR ESGLDFVAVMPPHIDDNFPLTEK
aUnique peptides are in bold;
➔
indicates underexpression and ➔ indicates overexpression in the algal groups compared to the control group
https://doi.org/10.1371/journal.pone.0179907.t008
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alga feeds may explain the lower weight gain despite the higher feed intake. Some authors have
reported similar reductions in nutrient digestibilities upon microalgal feeding [28, 29], while
higher microalgal nutrient digestibilities have also been recorded [38]. The digestibility of DM
and protein in feeds with 20% N. oceania is comparable to those obtained by Gong et al. [14],
who estimated digestibility of DM and protein of Nannochloropsis sp. to be 63% and 72%,
respectively. These values are significantly lower than digestibility values of fishmeal fed to sal-
monids [37, 39, 40], but greater than the protein digestibility (36%) of Nannochloropsis in
mink [16]. The ADC of lipid and energy showed greater reduction with algae inclusion in the
feed compared to the protein. In keeping with these observations, reduced lipid digestibility
was reported at 6% inclusion of Schizohytrium sp. [27] and 10% inclusion of the yeast Yarrowia
lipolytica [26]. The reduction in digestibility of lipid and energy in the present study could be
due to the high content of complex indigestible cell wall carbohydrates in the microalga [41].
Fish has a limited capacity to digest carbohydrates, in particular the indigestible non-starch
polysaccharides [42, 43]. Physical treatment including disruption of cell walls in biomass from
Y. lipolytica caused significantly improved nutrient utilization by Atlantic salmon [44].
Improved ash digestibility noted in the present study is in line with our earlier findings [14].
Interestingly, these findings suggest improved utilization of minerals in the N. oceania-incor-
porated feeds.
Protein retention in Atlantic salmon in the present experiment was lower compared to that
reported by Hatlen et al. [26]. Energy retention in fish fed the control feed was similar to that
in the above publication, but in our case the values decreased with increasing intake of the
alga. These findings suggest that protein and energy in defatted N. oceania are less utilized
compared to other single cell protein sources such as the yeast Y. lipolytica [26].
Changes in biochemical composition of fish
Neither the whole body, nor fillet proximate composition of Atlantic salmon was affected by
the intake of the alga meal. The proximate composition varies with life stages of the fish and is
also influenced by endogenous factors such as genetics, size and sex, as well as exogenous fac-
tors such as feed composition, feeding frequency and environment [45]. The lipid content of
the experimental fish was in the same range as that of similar sized salmon [15, 46]. The higher
protein and lower lipid content in fillet compared to whole body are noteworthy results.
Another interesting finding is the 19% reduction in lipid content in the fillet of the final sam-
ples. This finding was unexpected because of the high correlation between lipid content and
size of fish [45]. However, similar results were obtained in other studies too–experiments with
Fig 4. Photomicrographs of the distal intestine of 1C, 1L and 1H groups at the end of the 84-days feeding period. Scale bar: 50μm.
https://doi.org/10.1371/journal.pone.0179907.g004
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Atlantic salmon that were fed Desmodesmus [22], trials on Atlantic salmon and common carp
fed Nanofrustulum [12]. Alne et al. [46] reported that the feeding rate, growth rate and feed uti-
lization of S0 smolt (transferred to sea 8–10 months after hatching) were reduced compared to
the performance of S1 smolt that were transferred to sea in the following spring. Thus the CF,
muscle fat and retention of energy of S0 smolts were lower compared to S1 smolts. The smolt
used in the present experiment was S0 and the drop in lipid content may be explained by phys-
iological changes taking place in the fish related to season. Furthermore, in our case the feed
intake of the 1H group was significantly higher than that of the 1C group.
General physiological status
The organosomatic indices HSI and VSI of the fish fed on feeds with and without alga meal
did not vary significantly, and the values were comparable to that reported for Atlantic salmon
fed the microalga Desmodesmus [22]. Schizochytrium limacinum also did not alter the HSI of
longfin yellowtail Seriola rivoliana [47]. However, previous studies have reported that Spirulina
feeding can elevate the VSI levels in sturgeon Acipenser baeri and parrot fish Oplegnathus fas-
ciatus [48, 49].
The increased hematocrit value for the alga-fed groups indicate a positive effect of Nanno-
chloropsis. Similar increase was noted in young rockfish, Sebastes schlegeli, fed sea mustard
(Undaria pinnatifida) [50]. A non-significant increase in hematocrit values was also noted in
red sea bream, Pagrus major, fed Ulva pertusameal [51]. The high oxygen demand to metabo-
lize large amounts of feeds ingested by the 1H group might be the reason for this increase in
hematocrit levels. Hematocrit values in fish are tightly associated with environmental parame-
ters such as temperature and oxygen concentration in the rearing water. However, we do not
expect the influence of these factors as the fish groups were maintained under identical con-
trolled conditions.
The antioxidant status was determined to understand the alterations in the physiological
capacities of the fish. The serum SOD activity in the fish fed on 10% alga-containing feed
was higher compared to that in the fish fed on alga-devoid feeds. On the contrary, such an
increase was not detected in the fish fed on 20% alga-containing feeds. In our earlier study on
Desmodesmus, a similar trend in SOD activities was noted [22]. Furthermore, the mRNA level
of sod was apparently higher in the 10% alga-fed group compared to the level in the 20% alga-
fed group. The increased SOD activity may indicate improved antioxidant defence in fish
receiving moderate amounts of the alga meal, but this has to be verified through additional
investigations.
Intestinal health condition
In order to confirm the suitability of the alga meal as a feed component, it is necessary to evalu-
ate the intestinal health of the fish through morphological and molecular observations. We
examined the expression of selected marker genes related to inflammation and intestinal
immune system. Among those studied, the level of the pro-inflammatory gene il17d in the
10% alga fed group was apparently higher compared to the level in the control group. How-
ever, there were no signs of distal intestinal inflammation in the alga-fed groups in this study,
as well as in our previous study [22] using Desmodesmus. In inflamed distal intestine of Atlan-
tic salmon, the mRNA levels of igt were apparently higher [24], but in the present study the
gene expression in the fish from different groups were similar. These findings, taken together,
suggest that the microalgal biomass tested do not induce inflammatory reactions in the distal
intestine of the fish. Plant ingredients in feeds can trigger inflammatory reactions and aberra-
tions in the distal intestinal structure of Atlantic salmon [52–54]. The n-6 fatty acids in plant-
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derived feed ingredients can cause intestinal inflammation, and the mid-intestinal folds of
Atlantic salmon were shortened by feeding with olive oil, rapeseed oil or soybean oil [55].
To further elucidate the effect of the algal product, we compared the distal intestinal prote-
omes of salmon that received the different experimental feeds. Nine of the identified proteins
were impacted by the alga feeding. This included the protein Apoa1 that has antimicrobial
properties in fish [56–58]. The protein was underexpressed in the 1H group when compared
to its expression in the 1L group, implying that higher inclusion of the alga meal may affect the
defence mechanisms of the fish. Furthermore, we noticed the underexpression of the protein
Ahsg in the 1H group. The reduction in levels of the glycoprotein AHSG in the serum of pro-
tein-energy-malnourished children was linked to stunted growth, and compromised defence
ability [59]. The low Ahsg expression coincided with the lower growth in the 1H group. In our
previous report too, feeding Desmodesmus led to the underexpression of Ahsg in the distal
intestine of Atlantic salmon [22].
Two energy metabolism-related proteins were overexpressed (Flr and Tpi) and one was
underexpressed (Ckt) in the distal intestine of the 1L group. The overexpression of Flr and Tpi
and the underexpression of Ckt may have benefitted the 1L group. It should be noted that in
the 1H group, the lipid and energy retention was significantly lower compared to those of the
control group. Dld which is also associated with energy metabolism was significantly overex-
pressed in the 1H group. On the contrary, lower energy digestibility was associated with the
underexpression of Dld when Atlantic salmon was fed on Desmodesmus [22].
Two other proteins—Ef2, Lei—were underexpressed and a third one—P5cdh—was overex-
pressed in the distal intestine of the 1H group. P5CDH is one of the two mitochondrial
enzymes that helps the oxidation of proline to glutamate leading to an increase in intracellular
reactive oxygen species [60]. Eukaryotic elongation factor 2 (eEF2) mediates the GTP-depen-
dent movement of the ribosome during protein synthesis [61], and increase in oxidative stress
has been correlated to decrease in eEF2 [62]. The overexpression of P5cdh and underexpres-
sion of Ef2 in the IH group could be pointing to oxidative stress in the fish. This group also
had apparently lower SOD activity levels and lower sod expression. Leukocyte elastase inhibi-
tor (LEI), also called serpin B1, is a member of the serine protease inhibitors [63]. It is reported
that during wound healing LEI expression is increased [64, 65]. Although the Lei-like protein
was overexpressed in the distal intestine of the 1H group, we did not observe intestinal
damage.
Conclusions
The results indicate that the defatted microalgae N. oceania can be used at modest inclusion
levels–a level close to 10%–without negative effects on weight gain and specific growth rate
and health parameters.
Supporting information
S1 Table. Proximate compostition of defatted microalgae biomass used in feed.
(DOCX)
S1 Fig. The design of the experimental fish tank.
(TIFF)
S2 Fig. The volumes of the differentially expressed proteins in the 2-DE gels.  Different let-
ters above the bar graphs indicate statistically significant differences. Values are presented as
mean ± SEM.
(TIF)
Nannochloropsis oceania in salmon feeds
PLOS ONE | https://doi.org/10.1371/journal.pone.0179907 July 13, 2017 15 / 20
Acknowledgments
This study was part of the project “Large-scale production of fuels and feed from marine
microalgae” awarded to the Cornell Marine Algae Biofuels Consortium. We express our grati-
tude to Professor Charles H. Green, Earth and Atmospheric Sciences, Cornell University, the
leader of the aforementioned consortium. The aquafeed component in the project was led by
Kiron Viswanath, Nord University. The authors would like to acknowledge the support of the
staff at the Research Station of Nord University.
Author Contributions
Conceptualization: Mette Sørensen, Mark Huntley, Viswanath Kiron.
Data curation: Mette Sørensen, Yangyang Gong, Fridrik Bjarnason, Viswanath Kiron.
Formal analysis: Mette Sørensen, Yangyang Gong, Fridrik Bjarnason, Viswanath Kiron.
Funding acquisition: Mark Huntley, Viswanath Kiron.
Investigation: Mette Sørensen, Yangyang Gong, Fridrik Bjarnason, Ghana K. Vasanth, Dalia
Dahle, Viswanath Kiron.
Methodology: Mette Sørensen, Viswanath Kiron.
Project administration: Mette Sørensen, Viswanath Kiron.
Resources: Mette Sørensen, Yangyang Gong, Fridrik Bjarnason, Ghana K. Vasanth, Dalia
Dahle, Viswanath Kiron.
Supervision: Viswanath Kiron.
Validation: Mette Sørensen, Viswanath Kiron.
Visualization: Mette Sørensen, Yangyang Gong, Fridrik Bjarnason, Viswanath Kiron.
Writing – original draft: Mette Sørensen, Yangyang Gong, Fridrik Bjarnason, Viswanath
Kiron.
Writing – review & editing: Mette Sørensen, Mark Huntley, Viswanath Kiron.
References
1. Becker W. Microalgae in human and animal nutrition. In: Richmond A, editor. Microalgal culture.
Oxford, UK: Blackwell Science Ltd.; 2004. p. 312–51.
2. Ghosh A, Khanra S, Mondal M, Halder G, Tiwari ON, Saini S, et al. Progress toward isolation of strains
and genetically engineered strains of microalgae for production of biofuel and other value added chemi-
cals: A review. Energy Convers Manag. 2016; 113:104–18. https://doi.org/https://doi.org/10.1016/j.
enconman.2016.01.050
3. Huntley ME, Johnson ZI, Brown SL, Sills DL, Gerber L, Archibald I, et al. Demonstrated large-scale pro-
duction of marine microalgae for fuels and feed. Algal Res. 2015; 10:249–65. https://doi.org/https://doi.
org/10.1016/j.algal.2015.04.016
4. Moazami N, Ashori A, Ranjbar R, Tangestani M, Eghtesadi R, Nejad AS. Large-scale biodiesel produc-
tion using microalgae biomass of Nannochloropsis. Biomass Bioenergy. 2012; 39:449–53. https://doi.
org/https://doi.org/10.1016/j.biombioe.2012.01.046
5. Becker EW. Micro-algae as a source of protein. Biotechnol Adv. 2007; 25(2):207–10. https://doi.org/10.
1016/j.biotechadv.2006.11.002 PMID: 17196357
6. Hulatt CJ, Wijffels RH, Bolla S, Kiron V. Production of fatty acids and protein by nannochloropsis in flat-
plate photobioreactors. PLOS ONE. 2017; 12(1):e0170440. https://doi.org/10.1371/journal.pone.
0170440 PMID: 28103296
Nannochloropsis oceania in salmon feeds
PLOS ONE | https://doi.org/10.1371/journal.pone.0179907 July 13, 2017 16 / 20
7. Lang I, Hodac L, Friedl T, Feussner I. Fatty acid profiles and their distribution patterns in microalgae: a
comprehensive analysis of more than 2000 strains from the SAG culture collection. BMC Plant Biol.
2011; 11(1):1–16. https://doi.org/10.1186/1471-2229-11-124 PMID: 21896160
8. Sprague M, Dick JR, Tocher DR. Impact of sustainable feeds on omega-3 long-chain fatty acid levels in
farmed Atlantic salmon, 2006–2015. Scientific Reports. 2016; 6:21892. https://doi.org/10.1038/
srep21892 PMID: 26899924
9. Zheng X, Tocher DR, Dickson CA, Bell JG, Teale AJ. Highly unsaturated fatty acid synthesis in verte-
brates: new insights with the cloning and characterization of a delta6 desaturase of Atlantic salmon. Lip-
ids. 2005; 40(1):13–24. PMID: 15825826.
10. Hastings N, Agaba MK, Tocher DR, Zheng X, Dickson CA, Dick JR, et al. Molecular cloning and func-
tional characterization of fatty acyl desaturase and elongase cDNAs involved in the production of eico-
sapentaenoic and docosahexaenoic acids from alpha-linolenic acid in Atlantic salmon (Salmo salar).
Mar Biotechnol (NY). 2004; 6(5):463–74. https://doi.org/10.1007/s10126-004-3002-8 PMID: 15549653.
11. Morais S, Monroig O, Zheng X, Leaver MJ, Tocher DR. Highly unsaturated fatty acid synthesis in Atlan-
tic salmon: Characterization of ELOVL5- and ELOVL2-like elongases. Mar Biotechnol. 2009; 11
(5):627–39. https://doi.org/10.1007/s10126-009-9179-0 PMID: 19184219
12. Kiron V, Phromkunthong W, Huntley M, Archibald I, De Scheemaker G. Marine microalgae from biore-
finery as a potential feed protein source for Atlantic salmon, common carp and whiteleg shrimp. Aqua-
cult Nutr. 2012; 18(5):521–31. https://doi.org/10.1111/j.1365-2095.2011.00923.x
13. Patterson D, Gatlin III DM. Evaluation of whole and lipid-extracted algae meals in the diets of juvenile
red drum (Sciaenops ocellatus). Aquaculture. 2013; 416–417:92–8. https://doi.org/https://doi.org/10.
1016/j.aquaculture.2013.08.033
14. Gong Y, Guterres HADS, Huntley M, Sørensen M, Viswanath K. Digestibility of the defatted microalgae
Nannochloropsis sp. and Desmodesmus sp. when fed to Atlantic salmon, Salmo salar. Aquacult Nutr.
2017. https://doi.org/10.1111/anu.12533
15. Sørensen M, Berge GM, Reitan KI, Ruyter B. Microalga Phaeodactylum tricornutum in feed for Atlantic
salmon (Salmo salar)—Effect on nutrient digestibility, growth and utilization of feed. Aquaculture. 2016;
460:116–23. https://doi.org/https://doi.org/10.1016/j.aquaculture.2016.04.010
16. Skrede A, Mydland L, AhlstrømØ, Reitan K, Gislerød H,Øverland M. Evaluation of microalgae as
sources of digestible nutrients for monogastric animals. J Anim Feed Sci. 2011; 20(1):131–42.
17. Glencross BD, Booth M, Allan GL. A feed is only as good as its ingredients–a review of ingredient evalu-
ation strategies for aquaculture feeds. Aquacult Nutr. 2007; 13(1):17–34. https://doi.org/10.1111/j.
1365-2095.2007.00450.x
18. Gatrell SK, Kim J, Derksen TJ, O’Neil EV, Lei XG. Creatingω-3 fatty-acid-enriched chicken using defat-
ted green microalgal biomass. J Agric Food Chem. 2015; 63(42):9315–22. https://doi.org/10.1021/acs.
jafc.5b03137 PMID: 26395320
19. Sørensen M, Nguyen G, Storebakken T,Øverland M. Starch source, screw configuration and injection
of steam into the barrel affect the physical quality of extruded fish feed. Aquacult Res. 2010; 41(3):419–
32. https://doi.org/10.1111/j.1365-2109.2009.02346.x
20. Sørensen M, Morken T, Kosanovic M,Øverland M. Pea and wheat starch possess different processing
characteristics and affect physical quality and viscosity of extruded feed for Atlantic salmon. Aquacult
Nutr. 2011; 17(2):e326–e36. https://doi.org/10.1111/j.1365-2095.2010.00767.x
21. Austreng E. Digestibility determination in fish using chromic oxide marking and analysis of contents
from different segments of the gastrointestinal tract. Aquaculture. 1978; 13(3):265–72. https://doi.org/
https://doi.org/10.1016/0044-8486(78)90008-X
22. Kiron V, Sørensen M, Huntley M, Vasanth GK, Gong Y, Dahle D, et al. Defatted biomass of the micro-
alga, Desmodesmus sp., can replace fishmeal in the feeds for Atlantic salmon. Front Mar Sci. 2016;
3:67. https://doi.org/10.3389/fmars.2016.00067
23. Kiron V, Kulkarni A, Dahle D, Vasanth G, Lokesh J, Elvebo O. Recognition of purified beta 1,3/1,6 glu-
can and molecular signalling in the intestine of Atlantic salmon. Dev Comp Immunol. 2015; 56:57–66.
https://doi.org/10.1016/j.dci.2015.11.007 PMID: 26615007.
24. Vasanth G, Kiron V, Kulkarni A, Dahle D, Lokesh J, Kitani Y. A microbial feed additive abates intestinal
inflammation in Atlantic salmon. Front Immunol. 2015; 6:409. https://doi.org/10.3389/fimmu.2015.
00409 PMID: 26347738; PubMed Central PMCID: PMCPMC4541333.
25. Cho CY, Slinger SJ. Apparent digestibility measurement in feedstuffs for rainbow trout. In: Halver JE,
Tiews K, editors. Finfish Nutrition and Fish feed Technology. 2: Heinemann, Berlin, Germany.; 1979.
p. 239–47.
26. Hatlen B, Berge GM, Odom JM, Mundheim H, Ruyter B. Growth performance, feed utilisation and fatty
acid deposition in Atlantic salmon, Salmo salar L., fed graded levels of high-lipid/high-EPA Yarrowia
Nannochloropsis oceania in salmon feeds
PLOS ONE | https://doi.org/10.1371/journal.pone.0179907 July 13, 2017 17 / 20
lipolytica biomass. Aquaculture. 2012; 364–365:39–47. https://doi.org/https://doi.org/10.1016/j.
aquaculture.2012.07.005
27. Kousoulaki K,Østbye T-KK, Krasnov A, Torgersen JS, Mørkøre T, Sweetman J. Metabolism, health
and fillet nutritional quality in Atlantic salmon (Salmo salar) fed diets containing n-3-rich microalgae. J
Nutr Sci. 2015; 4:e24. https://doi.org/10.1017/jns.2015.14 PMID: 26495116
28. Norambuena F, Hermon K, Skrzypczyk V, Emery JA, Sharon Y, Beard A, et al. Algae in fish feed: Per-
formances and fatty acid metabolism in juvenile Atlantic salmon. PLOS ONE. 2015; 10(4):e0124042.
https://doi.org/10.1371/journal.pone.0124042 PMID: 25875839
29. Tibaldi E, Chini Zittelli G, Parisi G, Bruno M, Giorgi G, Tulli F, et al. Growth performance and quality
traits of European sea bass (D. labrax) fed diets including increasing levels of freeze-dried Isochrysis
sp. (T-ISO) biomass as a source of protein and n-3 long chain PUFA in partial substitution of fish deriva-
tives. Aquaculture. 2015; 440:60–8. https://doi.org/https://doi.org/10.1016/j.aquaculture.2015.02.002
30. Einen O, Roem AJ. Dietary protein/energy ratios for Atlantic salmon in relation to fish size: growth, feed
utilization and slaughter quality. Aquacult Nutr. 1997; 3(2):115–26. https://doi.org/10.1046/j.1365-2095.
1997.00084.x
31. Hemre G-I, LieØ, Lied E, Lambertsen G. Starch as an energy source in feed for cod (Gadus morhua):
Digestibility and retention. Aquaculture. 1989; 80(3):261–70. https://doi.org/https://doi.org/10.1016/
0044-8486(89)90174-9
32. Lekva A, Hansen A-C, Rosenlund G, KarlsenØ, Hemre G-I. Energy dilution with α-cellulose in diets for
Atlantic cod (Gadus morhua L.) juveniles—Effects on growth, feed intake, liver size and digestibility of
nutrients. Aquaculture. 2010; 300(1–4):169–75. https://doi.org/http://doi.org/10.1016/j.aquaculture.
2010.01.001
33. Walker AB, Berlinsky DL. Effects of partial replacement of fish meal protein by microalgae on growth,
feed intake, and body composition of Atlantic cod. N Am J Aquacult. 2011; 73(1):76–83. https://doi.org/
10.1080/15222055.2010.549030
34. Grisdale-Helland B, Helland SJ. Replacement of protein by fat and carbohydrate in diets for Atlantic
salmon (Salmo salar) at the end of the freshwater stage. Aquaculture. 1997; 152(1–4):167–80. https://
doi.org/https://doi.org/10.1016/S0044-8486(97)00003-3
35. Refstie S, Storebakken T, Roem AJ. Feed consumption and conversion in Atlantic salmon (Salmo
salar) fed diets with fish meal, extracted soybean meal or soybean meal with reduced content of oligo-
saccharides, trypsin inhibitors, lectins and soya antigens. Aquaculture. 1998; 162(3–4):301–12. https://
doi.org/https://doi.org/10.1016/S0044-8486(98)00222-1
36. Krogdahl Å, Sundby A, Olli JJ. Atlantic salmon (Salmo salar) and rainbow trout (Oncorhynchus mykiss)
digest and metabolize nutrients differently. Effects of water salinity and dietary starch level. Aquacul-
ture. 2004; 229(1–4):335–60. https://doi.org/https://doi.org/10.1016/S0044-8486(03)00396-X
37. Sørensen M, Penn M, El-Mowafi A, Storebakken T, Chunfang C,Øverland M, et al. Effect of stachyose,
raffinose and soya-saponins supplementation on nutrient digestibility, digestive enzymes, gut morphol-
ogy and growth performance in Atlantic salmon (Salmo salar, L). Aquaculture. 2011; 314(1–4):145–52.
https://doi.org/https://doi.org/10.1016/j.aquaculture.2011.02.013
38. Sarker PK, Gamble MM, Kelson S, Kapuscinski AR. Nile tilapia (Oreochromis niloticus) show high
digestibility of lipid and fatty acids from marine Schizochytrium sp. and of protein and essential amino
acids from freshwater Spirulina sp. feed ingredients. Aquacult Nutr. 2016; 22(1):109–19. https://doi.org/
10.1111/anu.12230
39. Sørensen M, Ljøkjel K, Storebakken T, Shearer KD, Skrede A. Apparent digestibility of protein, amino
acids and energy in rainbow trout (Oncorhynchus mykiss) fed a fish meal based diet extruded at differ-
ent temperatures. Aquaculture. 2002; 211(1–4):215–25. https://doi.org/https://doi.org/10.1016/S0044-
8486(01)00887-0
40. Sørensen M, Storebakken T, Shearer KD. Digestibility, growth and nutrient retention in rainbow trout
(Oncorhynchus mykiss) fed diets extruded at two different temperatures. Aquacult Nutr. 2005; 11
(4):251–6. https://doi.org/10.1111/j.1365-2095.2005.00347.x
41. Domozych DS, Ciancia M, Fangel JU, Mikkelsen MD, Ulvskov P, Willats WGT. The cell walls of green
algae: A journey through evolution and diversity. Frontiers in plant science. 2012; 3:82. https://doi.org/
10.3389/fpls.2012.00082 PMID: 22639667
42. Krogdahl Å, Hemre GI, Mommsen TP. Carbohydrates in fish nutrition: digestion and absorption in post-
larval stages. Aquacult Nutr. 2005; 11(2):103–22. https://doi.org/10.1111/j.1365-2095.2004.00327.x
43. Irvin S, Blyth D, Bourne N, Glencross B. A study of the discrete and interactive effects of different poly-
saccharides on the digestibility of diets fed to barramundi (Lates calcarifer). Aquacult Nutr. 2015:n/a-n/
a. https://doi.org/10.1111/anu.12321
Nannochloropsis oceania in salmon feeds
PLOS ONE | https://doi.org/10.1371/journal.pone.0179907 July 13, 2017 18 / 20
44. Berge GM, Hatlen B, Odom JM, Ruyter B. Physical treatment of high EPA Yarrowia lipolytica biomass
increases the availability of n-3 highly unsaturated fatty acids when fed to Atlantic salmon. Aquacult
Nutr. 2013; 19:110–21. https://doi.org/10.1111/anu.12092
45. Shearer KD. Factors affecting the proximate composition of cultured fishes with emphasis on salmo-
nids. Aquaculture. 1994; 119(1):63–88. https://doi.org/https://doi.org/10.1016/0044-8486(94)90444-8
46. Alne H, Oehme M, Thomassen M, Terjesen B, Rørvik KA. Reduced growth, condition factor and body
energy levels in Atlantic salmon Salmo salar L. during their first spring in the sea. Aquacult Res. 2011;
42(2):248–59. https://doi.org/10.1111/j.1365-2109.2010.02618.x
47. Kissinger KR, Garcı´a-Ortega A, Trushenski JT. Partial fish meal replacement by soy protein concen-
trate, squid and algal meals in low fish-oil diets containing Schizochytrium limacinum for longfin yellow-
tail Seriola rivoliana. Aquaculture. 2016; 452:37–44. https://doi.org/https://doi.org/10.1016/j.
aquaculture.2015.10.022
48. Palmegiano GB, Agradi E, Forneris G, Gai F, Gasco L, Rigamonti E, et al. Spirulina as a nutrient source
in diets for growing sturgeon (Acipenser baeri). Aquacult Res. 2005; 36(2):188–95. https://doi.org/10.
1111/j.1365-2109.2005.01209.x
49. Kim SS, Rahimnejad S, Kim KW, Lee KJ. Partial replacement of fish meal with Spirulina pacifica in diets
for parrot fish (Oplegnathus fasciatus). Turkish J Fish Aquat Sci. 2013; 13(2):197–204.
50. Yi YH, Chang YJ. Physiological effects of seamustard supplement diet on the growth and body compo-
sition of young rockfish, Sebastes schlegeli. Bull Korean Fish Soc. 1994; 27:69–82.
51. Nakagawa H, Kasahara S. Effect of ulva meal supplement to diet on the lipid metabolism of red sea
bream. Nippon Suisan Gakkaishi. 1986; 52(11):1887–93. https://doi.org/10.2331/suisan.52.1887
52. Baeverfjord G, Krogdahl A. Development and regression of soybean meal induced enteritis in Atlantic
salmon, Salmo salar L., distal intestine: a comparison with the intestines of fasted fish. J Fish Dis. 1996;
19(5):375–87. https://doi.org/10.1046/j.1365-2761.1996.d01-92.x
53. Bakke AM, editor Pathophysiological and immunological characteristics of soybean meal-induced
enteropathy in salmon: contribution of recent molecular investigations. Avances en Nutricio´n Acuı´cola
XI-Memorias del De´cimo Primer Simposio Internacional de Nutricio´n Acuı´cola; 2011; Universidad
Auto´noma de Nuevo Leo´n, Monterrey, Me´xico, San Nicola´s de los Garza, N. L., Me´xico.
54. Knudsen D, Ura´n P, Arnous A, Koppe W, Frøkiær H. Saponin-containing subfractions of soybean
molasses induce enteritis in the distal intestine of Atlantic salmon. J Agric Food Chem. 2007; 55
(6):2261–7. https://doi.org/10.1021/jf0626967 PMID: 17326653
55. Moldal T, Løkka G, Wiik-Nielsen J, Austbø L, Torstensen BE, Rosenlund G, et al. Substitution of dietary
fish oil with plant oils is associated with shortened mid intestinal folds in Atlantic salmon (Salmo salar).
BMC Vet Res. 2014; 10(1):1–13. https://doi.org/10.1186/1746-6148-10-60 PMID: 24606841
56. Villarroel F, Bastı´as A, Casado A, Amthauer R, Concha MI. Apolipoprotein A-I, an antimicrobial protein
in Oncorhynchus mykiss: Evaluation of its expression in primary defence barriers and plasma levels in
sick and healthy fish. Fish Shellfish Immunol. 2007; 23(1):197–209. https://doi.org/https://doi.org/10.
1016/j.fsi.2006.10.008 PMID: 17391986
57. Concha MI, Molina Sa, Oyarzu´n C, Villanueva J, Amthauer R. Local expression of apolipoprotein A-I
gene and a possible role for HDL in primary defence in the carp skin. Fish Shellfish Immunol. 2003; 14
(3):259–73. https://doi.org/https://doi.org/10.1006/fsim.2002.0435 PMID: 12681280
58. Wei J, Gao P, Zhang P, Guo M, Xu M, Wei S, et al. Isolation and function analysis of apolipoprotein A-I
gene response to virus infection in grouper. Fish Shellfish Immunol. 2015; 43(2):396–404. https://doi.
org/https://doi.org/10.1016/j.fsi.2015.01.006 PMID: 25613342
59. Abiodun PO, Ihongbe JC, Dati F. Decreased levels of alpha2 HS-glycoprotein in children with protein-
energy-malnutrition. Eur J Pediatr. 1985; 144(4):368–9. https://doi.org/10.1007/bf00441779 PMID:
3935449
60. Krishnan N, Dickman MB, Becker DF. Proline modulates the intracellular redox environment and pro-
tects mammalian cells against oxidative stress. Free Radical Biol Med. 2008; 44(4):671–81. https://doi.
org/https://doi.org/10.1016/j.freeradbiomed.2007.10.054
61. Kenney JW, Moore CE, Wang X, Proud CG. Eukaryotic elongation factor 2 kinase, an unusual enzyme
with multiple roles. Adv Biol Regul. 2014; 55:15–27. https://doi.org/https://doi.org/10.1016/j.jbior.2014.
04.003 PMID: 24853390
62. Argu¨elles S, Cano M, Machado A, Ayala A. Effect of aging and oxidative stress on elongation factor-2 in
hypothalamus and hypophysis. Mech Ageing Dev. 2011; 132(1–2):55–64. https://doi.org/https://doi.
org/10.1016/j.mad.2010.12.002 PMID: 21172375
63. Huntington JA. Serpin structure, function and dysfunction. J Thromb Haemost. 2011; 9:26–34. https://
doi.org/10.1111/j.1538-7836.2011.04360.x PMID: 21781239
Nannochloropsis oceania in salmon feeds
PLOS ONE | https://doi.org/10.1371/journal.pone.0179907 July 13, 2017 19 / 20
64. Virca GD, Metz G, Schneble HP. Similarities between human and rat leukocyte elastase and cathepsin
G. Eur J Biochem. 1984; 144(1):1–9. https://doi.org/10.1111/j.1432-1033.1984.tb08423.x PMID:
6566611
65. Justet C, Evans F, Torriglia A, Chifflet S. Increase in the expression of leukocyte elastase inhibitor dur-
ing wound healing in corneal endothelial cells. Cell Tissue Res. 2015; 362(3):557–68. https://doi.org/10.
1007/s00441-015-2223-7 PMID: 26085342
Nannochloropsis oceania in salmon feeds
PLOS ONE | https://doi.org/10.1371/journal.pone.0179907 July 13, 2017 20 / 20
